Low frequency Raman spectra of ionic liquids have been obtained as a function of pressure up to ca. 4.0 GPa at room temperature and as a function of temperature along the supercooled liquid and glassy state at atmospheric pressure. Intermolecular vibrations are observed at ∼20, ∼70, and ∼100 cm −1 at room temperature in ionic liquids based on 1-alkyl-3-methylimidazolium cations. The component at ∼100 cm −1 is assigned to librational motion of the imidazolium ring because it is absent in nonaromatic ionic liquids. There is a correspondence between the position of intermolecular vibrational modes in the normal liquid state and the spectral features that the Raman spectra exhibit after partial crystallization of samples at low temperatures or high pressures. The pressure-induced frequency shift of the librational mode is larger than the other two components that exhibit similar frequency shifts. The lowest frequency vibration observed in a glassy state corresponds to the boson peak observed in light and neutron scattering spectra of glass-formers. The frequency of the boson peak is not dependent on the length scale of polar/non-polar heterogeneity of ionic liquids, it depends instead on the strength of anion-cation interaction. As long as the boson peak is assigned to a mixing between localized modes and transverse acoustic excitations of high wavevectors, it is proposed that the other component observed in Raman spectra of ionic liquids has a partial character of longitudinal acoustic excitations.
I. INTRODUCTION
Vibrational dynamics of intermolecular degrees of freedom of glass-forming liquids has been intensively studied in the last years because of several relationships that have been proposed between short time (picoseconds) dynamics and structural relaxation or transport coefficients of viscous liquids. For instance, Larini et al. 1 showed a universal scaling of the logarithm of the viscosity or structural relaxation time by the mean squared displacement within a short time regime in which a molecule experiences rattling dynamics inside the cage of neighboring molecules. Dyre 2 reviewed elastic models of supercooled liquids in which the activation energy of viscous flow is assigned to elastic moduli at infinite frequency. A theory relating the activation energy of viscosity to a quantity that, rather than being a constant, is instead temperature dependent, ln η ∝ E a (T)/kT, would be able to explain the nonArrhenius behavior, i.e., the fragility of supercooled liquids. Thus, E a (T) has been related to the configurational entropy in the Adam-Gibbs theory, 3 the free volume by Turnbull and Cohen, 4 and the above mentioned fast dynamics. 1, 2 Many of the so-called ionic liquids, 5 formerly called room temperature molten salts, are good glass-forming liquids. The melting temperature of an ionic liquid is T m < 373 K by convention and differential scanning calorimetry (DSC) measurements have shown that typical glass trana) Author to whom correspondence should be addressed. Electronic mail: mccribei@iq.usp.br.
sition temperature is T g ∼ 190 K. [6] [7] [8] [9] The complex molecular structure of typical ionic liquids might suppress ionic packing in a crystalline array so that the viscous liquid is easily supercooled and eventually becomes a glass rather than a crystal. Motivated by both the technological applications and the fundamental scientific issues, a growing literature on structure and dynamics of ionic liquids has become available in the last decade using different spectroscopic techniques. 5, [10] [11] [12] [13] [14] [15] [16] [17] [18] In the low-frequency range, ionic liquids dynamics have been investigated by optical Kerr effect (OKE), [10] [11] [12] [13] [14] [15] far-infrared, 16, 17 terahertz time domain, 16, 18 dielectric relaxation, 13, 14 and Raman spectroscopies. 16 OKE spectroscopy has been the most commonly used technique for unraveling the intermolecular vibrational dynamics of ionic liquids within the THz range. 5 On the other hand, low frequency Raman spectroscopy (5 < ω < 100 cm −1 ) also provides important insights on the intermolecular dynamics of supercooled ionic liquids as it probes polarizability fluctuation like OKE spectroscopy. 19, 20 In this work, we consider the effect of pressure on low frequency Raman spectra of ionic liquids, in contrast to previous investigations focusing only on the effect of temperature. 19, 20 Ionic liquids under high pressure have been studied by Raman spectroscopy in the high frequency range of intramolecular normal modes. These studies showed conformational changes, 21, 22 phase transitions, [23] [24] [25] and enhancement of anion-cation hydrogen bonding interactions, 26 for several ionic liquids under high pressure. However, in the authors' knowledge, there is no previous study concerning the effect of pressure on the low frequency range of Raman or OKE spectra of ionic liquids. In case of molecular and polymeric glass-formers, 27 the evident modifications in the Raman spectrum resulting from applying pressure are the reduction of the quasi-elastic scattering intensity that is related to fast relaxations, and the upward frequency shift of the so-called boson peak, which is a broad band related to intermolecular vibrations within the THz range. Although these high pressure effects on Raman spectra are analogous to low temperature effects, Hong et al. [27] [28] [29] have shown that a comparison between pressure and temperature variations allows discriminating between the role played by free volume and purely thermal effects on the dynamics of viscous liquids.
The systematic modification of molecular structures of anions and cations has been the main approach to understand the nature of intermolecular vibrations in Raman and OKE spectra of ionic liquids. On the other hand, pressure is an important variable because the effect of pressure is usually much larger than the effect of temperature on the vibrational frequency and Raman band shapes. Interestingly, we observed crystallization under high pressure in an ionic liquid that did not crystallize during cooling in DSC measurements. In contrast, DSC measurements discussed below indicate that an easily crystallized supercooled ionic liquid had crystallization frustrated in a binary mixture with another structurally related system. Thus, by changing temperature and pressure on different ionic liquids, it is the aim of this work to unravel the underlying microscopic origin of the characteristic features of low frequency Raman spectra of ionic liquids.
II. EXPERIMENTAL
The ionic liquids were purchased from Iolitec and used without further purification. The ionic liquids were dried under high vacuum (below 10 −5 mbar) for at least 48 h before measurements. Figure 1 shows schematic structures and notation of the ionic species used in this work. The systems actually investigated were: Thermophysical characterization of some of these ionic liquids was performed with a differential scanning calorimeter model DTA-50 (Shimadzu) using aluminum pans, hermetically sealed using a sample encapsulating press. Liquid nitrogen was used as a coolant. The sample was first heated above room temperature to remove crystal nuclei eventually present J. Chem. Phys. 138, 104503 (2013) in the liquid phase, then it was cooled to ca. 180 K at a rate of 10 K min −1 , and it was heated again above room temperature. Raman spectra as a function of temperature at atmospheric pressure were obtained with a Jobin-Yvon T64000 triple monochromator spectrometer equipped with CCD in the usual 90
• scattering geometry with no selection of polarization of the scattered radiation. Temperature control was achieved with an Optistat DN cryostat (Oxford Instruments) and the spectra were excited with the 647.1 nm line of a mixed argon-krypton Coherent laser. Raman spectra as a function of pressure at room temperature were obtained with a JobinYvon T64000 triple monochromator focusing the 632.8 nm line from a He-Ne laser onto the sample by a 20× objective. High pressure was achieved with a diamond anvil cell (DAC) from EasyLab Technologies Ltda, model Diacell R Bragg-XVue, having a diamond culet size of 500 μm. The Boehler microDriller (EasyLab) was used to drill a 250 μm hole in a stainless steel gasket (10 mm diameter, 250 μm thick) preindented to ∼150 μm. Pressure calibration has been done by the usual method of measuring the shift of the fluorescence line of ruby. 32 The spectral resolution was 2.0 cm −1 in both the temperature and the pressure dependent measurements.
III. RESULTS

A. Thermal analysis
Attempts to obtain Raman spectra of deeply supercooled liquid and glassy phase of systems containing the [C 2 C 1 im] + cation showed that it is not easy to avoid crystallization while supercooling [C 2 C 1 im] + based ionic liquids. 9, 33 We found that crystallization of [ + and the N-methyl-N-propylpyrrolidinium cation. In fact, a well-known recipe to avoid crystallization leading to glass formation is to use mixtures, either molecular liquids or molten salts, metallic alloys, or even binary mixtures of Lennard-Jones atomic species in models for computer simulations. Imanari et al. 36 showing that crystallization of a related system, namely [C 4 − anion either in cisoid or in transoid conformation just by changing the cooling rate. 37 The role of high pressures on the interplay between molecular conformations and phase transitions of ionic liquids is yet less understood than the role of the thermal history. Nevertheless, some detailed DSC investigations have been published showing that complex DSC scans of ionic liquids result from slow conformational dynamics. 36, 38, 39 The analysis of DSC measurements performed by Nishikawa et al. 38, 39 suggested that conformational changes of 1-alkyl-3-methylimizadolium cations take place as slow cooperative motions that affect local melting and/or crystallization, so that crystalline domains might remain even above the melting temperature.
B. Raman spectra
We showed in previous works that the phenomenology of low frequency Raman spectra of ionic liquids along the supercooled liquid and glassy phases is characteristic of glassforming liquids: 19, 20 there is a strong reduction of the quasielastic scattering (QES) intensity at T g so that the underlying low frequency vibrations are clearly seen at low temperatures. In order to decrease the strong QES intensity centred at zero wavenumber, Raman spectra will be shown here in the usual susceptibility representation 40 is a thermal population factor. An overview of differences between temperature and pressure effects on χ (ω) spectra for a given system is provided in Figure 4 − normal mode as pressure increases (bottom panel). The pressure effect on frequencies and widths implies an overall broader band shape of χ (ω) spectra at high pressures. Nevertheless, the same procedure used in previous works of curve fit to Raman and OKE spectra of ionic liquids can be also applied here for the pressure dependent spectra.
Details on the procedure of curve fit of low frequency spectra of ionic liquids as a function of temperature has been given in previous publications. 10, 12, 19, 20 Briefly, the QES intensity is usually fit by a lorentzian function centered at zero wavenumber. Being the QES assigned to fast relaxation processes, the other low frequency bands that are observed at non-zero frequencies are assigned to intermolecular vibrational dynamics. A log-normal band is used to fit the component at ∼20 cm −1 and two gaussian functions for the components at ∼70 cm −1 and ∼100 cm −1 . In case of ionic liquids containing [Tf 2 N] − , another lorentzian function is needed to fit the characteristic normal mode of this anion at 120 cm −1 . We stress that such curve fits are intended to obtain the pressure induced frequency shift of the intermolecular vibrations, rather than a definitive account of the exact band shape of each individual component.
Some examples of such curve fit procedure are shown in Figure 5 The frequencies are given as the difference from the atmospheric pressure value for each of the three components observed at ∼20 cm −1 (white squares), ∼70 cm −1 (white triangles), and ∼100 cm −1 (black circles) at atmospheric pressure.
lying dynamics are distinct for the other two bands at lower frequencies.
The comparison of Raman spectra of different imidazolium ionic liquids provided in Figure 8 unravels the characteristics of molecular structure that affect the position of the lowest frequency vibration. We stress that the spectra shown in Fig. 8 − . Figure 9 shows Raman spectra of a sample of [C 6 C 1 Im]Br at 1.4 GPa before crystallization (black circles and curve fit by red line) and after crystallization (bold black line). The Raman spectra of [C 6 C 1 Im]Br before crystallization at 1.4 GPa is similar to the glassy state spectra at 150 K (green line), although it is evident that the vibrational frequency of the librational mode in the low temperature spectrum at ∼100 cm −1 experiences large shift in the high pressure spectrum. When the sample at high pressure crystallizes, the librational component becomes a relatively sharp band at ∼140 cm −1 and one also sees another sharp component at ∼185 cm −1 , which most probably is related to the shoulder at ∼150 cm −1 in the low temperature Raman spectrum (green line). The Raman spectrum of crystallized [C 6 C 1 Im]Br at high pressure exhibits sharp bands below 100 cm −1 characteristic of a crystalline phase. The blue lines in Fig. 9 are the components used in the curve fit of the amorphous phase spectrum at 1.4 GPa. The two lowest frequency components at ∼35 and ∼75 cm −1 used in the curve fit strongly suggest that they are related to groups of sharp peaks in the crystalline phase spectrum (30 < ω < 50 cm −1 and 60 < ω < 110 cm −1 ). For comparison purposes, the inset of Fig. 9 shows the Raman spectrum of [C 4 C 1 im]Cl, which is already a polycrystalline solid at room temperature and atmospheric pressure. 
IV. DISCUSSION
The finding that the band at ∼100 cm −1 is absent in Raman spectra of non-aromatic ionic liquids (Fig. 6) indicates that this intermolecular vibration is due to librational motion, i.e., hindered rotation, of the aromatic ring. This assignment has been also proposed by Fujisawa et al., 41 who compared OKE spectra of aromatic and non-aromatic cations ionic liquids based on the [Tf 2 N] − anion. In contrast, Giraud et al. 42 assigned all the components of the fit to three librational motions of the cation resulting from three different configurations of anions around the imidazolium ring. However, the two components observed at ∼20 cm −1 and ∼70 cm
at atmospheric pressure are characteristic features of the Raman spectra regardless of ionic liquids based on aromatic or non-aromatic cations. The distinct pressure induced frequency shift of the librational band (Fig. 7) also suggests that the nature of the band at ∼100 cm −1 is different from the ∼20 and ∼70 cm −1 components. The microscopic origins of the two low frequency bands could be somehow related, so that both of them undergo a similar frequency shift as they experience the repulsive part of the intermolecular potential with increasing density. Russina et al. 43 discussed the OKE spectra of [C n C 1 im][Tf 2 N], n = 2-9, in the context of dynamics of supercooled liquids, even though obtaining spectra at room temperature. Thus, they assigned the low frequency band at ∼20 cm −1 to fast β relaxation, 43 which in the terminology of glass-forming liquids is due to restricted translational (rattling) dynamics of a molecule inside the cage formed by the neighboring molecules. In this work, our assignment will also refer to the context of glass-forming liquids, although it is usually considered that low frequency Raman spectra of supercooled liquids exhibit the fast β relaxation as the QES intensity. 19, 20, 27 In the phenomenology of Raman and neutron scattering spectra of glass-forming liquids, 19 , 20, 27-29, 44, 45 the vibrational mode observed at ∼20 cm −1 in Raman spectra of ionic liquids in glassy state (Fig. 8) is called the boson peak, which corresponds to intermolecular vibrations in the THz range that are observed as long as the QES intensity decreases at low temperatures. Yamamuro et al. 46 also observed the boson peak at ∼20 cm −1 in the dynamic structure factor S(k,ω) obtained by neutron scattering spectrum of glassy [C 4 C 1 im]Cl at T = 100 K. In an OKE spectroscopy investigation of 1-ethyl-3-methylimidazolium tosylate, [C2C1im][TSO], Li et al. 47 assigned the boson peak to an oscillatory component with a period of ∼2.0 ps in the raw time domain data, i.e., a wavenumber of ∼17 cm −1 in agreement with the Raman spectra of Fig. 8 . The boson peak is an excess in the vibrational density of states g(ω) over the dependence g D (ω) ∝ ω 2 predicted by the Debye model. Thus, the boson peak is usually considered a peak in the fractional representation g(ω)/ω 2 , although the difference g(ω)−g D (ω) is a more appropriated reconstruction of the excess of the density of states. 40 Unfortunately, there is no experimental data available of sound velocity of ionic liquids at deep supercooled liquid or glassy state to calculate the Debye model prediction g D (ω).
It has been shown by neutron or inelastic x-ray scattering (IXS) spectroscopy that the vibrations in the boson peak range have a partial character of transverse acoustic modes of high wavevectors that are hybridized with localized vibrations due to the disorder of the amorphous phase. 35, [48] [49] [50] [51] [52] [53] In the authors knowledge, collective dynamics of ionic liquids has not yet been investigated by IXS spectroscopy. On the other hand, molecular dynamics (MD) simulations have played a crucial role to unravel the mixed nature of sound-like and localized modes within the range 1 < ω < 100 cm −1 . 52, 54-57 In a MD simulation investigation of a model of [C 4 C 1 im]Cl, Urahata and Ribeiro 58 calculated mass current correlation functions, obtaining spectra of transverse (TA) and longitudinal (LA) acoustic modes exhibiting approximately linear dispersion ω(k) within the ranges 15 < ω < 50 cm −1 for TA modes and 30 < ω < 90 cm −1 for LA modes. It is worth stressing that even in case of sharp spectra of LA and TA modes, the actual eigenvectors of vibrations in this frequency range is a mixture of partial character of sound-like and random phase modes. 35, 48, 49, 56 A correlation length ξ = v s /(2ω bp ), where ω bp is the boson peak frequency and v s is the sound velocity of the material, is usually assigned to the boson peak ξ ∼ 10-30 Å. 28, 29, 45, 59, 60 Quitmann and Soltwisch 61 proposed that the first sharp diffraction peak observed at k FSDP ∼ 1.0 Å −1 in the static structure factor S(k) of many different glass forming liquids is a signature of the intermediate range order that provides the underlying structure that sustains the dynamics of the boson peak. In the particular case of ionic liquids, experimental and computer simulation evidences indicate nanoscale heterogeneity due to segregation of the carbon chains of the cations in non-polar domains, whereas the more polar part of the cations and nearby anions result in polar domains. 5, 11 Accordingly, the position of a low k peak observed in S(k) of ionic liquids shifts to a lower wavevector as the length of the alkyl chain increases.
11 Therefore, the Raman spectra shown in Fig. 8 indicate that the correlation length ξ assigned to the boson peak is not related to the length scale of nonpolar segregation in ionic liquids. The boson peak frequency depends instead on the strength of anion-cation interactions. The first spectral moment ω of low frequency OKE spectra of nonaromatic ionic liquids has been related to another criteria of the strength of ionic interactions, namely the surface tension. 10, 12 In fact, more stiff polar domains depending on the strength of anion-cation interactions have another experimental consequence: the sound velocity of different ionic liquids does not depend on the length of the alkyl chain if the anion is the same, but it depends instead on changing the anion for a given cation. 62, 63 Focusing on the density of states of quasi-localized vibrations, Gurevich et al. 64, 65 predicted that the pressure dependence of the boson peak is ω(P) = ω o (1+P/ ) 1/3 , where ω o is the vibrational frequency at atmospheric pressure and is a parameter related to the compressibility and the random force distribution experienced by quasi-local vibrations. − anion. The ω(P) dependence shown in Fig. 11 indicates that for relatively high pressure above ca. 2.0 GPa, the data tend to similar values regardless of the molecular structure of the ionic species. In other words, the systems are so heavily packed at high pressures that any difference on ionic structures between these two anions becomes less important and the intermolecular vibrational frequency tends to essentially the same value for these different ionic liquids.
We found a support in favor that the components usually considered in curve fit of Raman spectra of ionic liquids have real physical meaning by considering Raman spectra of systems that undergo at least partial crystallization at low temperatures or high pressures. It is interesting to find correspondence between the intermolecular vibrational motions of ionic liquids in the normal liquid state and excitations of solid-like domains that might develop in the bulk. The comparisons provided in Figs. 9 and 10 strongly suggest that the components used in the fit of Raman spectra of ionic liquids in amorphous phases have a counterpart in the crystalline phase, although inhomogeneously broadened by structural disorder of the amorphous phases. Once the boson peak has been assigned to mixing between localized modes and high frequency transverse acoustic plane waves, we propose that the other component observed at ∼70 cm −1 has a mixed character of local modes with longitudinal acoustic modes. Assigning the intermolecular vibrations at ∼20 and ∼70 cm −1 to partial character of acoustic excitations is consistent with the fact that both of them are found independently of specific molecular structure either in aromatic or non-aromatic ionic liquids (Figs. 5 and 6 ), the similar shifts of vibrational frequencies with increasing pressure (Fig. 7) , the dependence of the peak position with the strength of anion-cation interactions (Fig. 8) , and the pressure dependence according to the model of Gurevich et al. 64, 65 ( Fig. 11) . However, it is worth stressing that there is not a sharp distinction between transverse and acoustic nature for high-(k,ω) excitations because of strong mixing between them and localized vibrations. 35, 48-50, 56, 57, 66 The relationship between low frequency Raman spectra of amorphous phases and the spectra of partially crystallized samples (Figs. 9 and 10) has been also observed in other glass formers, e.g., butanol, 67 triphenylphosphite, 68, 69 and salol. 70 The situation has been characterized as microcrystallites immersed in an amorphous phase and called glacial state. It is worth noting that these solid domains do not necessarily have the same structure of the thermodynamically stable crystalline phase. In fact, the common finding is that the broad bands observed in low frequency Raman spectra of glasses barely indicate a direct correspondence with the complex many sharp peaks due to phonons observed in Raman spectra of crystals. [71] [72] [73] [74] For comparison purposes, the inset of Fig. 9 shows the rather different Raman spectrum of [C 4 C 1 im]Cl, which is a solid at room temperature and pressure. In contrast, Raman spectra of some partially crystallized ionic liquids are analogous to spectra observed for glacial state of molecular glass formers [67] [68] [69] [70] and also direct visualization of the resulting opaque suggests there is a mixture of crystallites and amorphous phase. Such a physical picture of the glacial state was supported by Kivelson and Tarjus 75 according to the model of local frustrated domains, as nuclei growing could be frustrated in such a spatial dimension that is in the very borderline between a crystalline phase or solid-like amorphous domain. Although the model of Tanaka 59 is also based on the idea of frustration, his twoorder parameter model considers an energetic frustration of local bonds against density optimization that would lead to crystallization, whereas Kivelson and Tarjus 75 emphasizes a local structure in the liquid that is geometrically frustrated as it does not fit the whole space in a crystalline array. Nevertheless, the physical picture is that metastable solid-like domains that could exist in the supercooled liquid, consistent with the same idea proposed on the basis of the complex pattern of the DSC scans of ionic liquids. 36, 38, 39 All of these findings suggest mesoscopic ordering in supercooled liquids [75] [76] [77] [78] [79] and in the particular case of ionic liquids that order might be beyond the nanoscale heterogeneity of polar/non-polar domains segregation.
V. CONCLUSIONS
The effect of pressure on low frequency Raman spectra of ionic liquids is much more strong than the effect of temperature along the supercooled liquid range. Investigating the dependence of vibrational frequencies with pressure provides further insights on the microscopic origin of intermolecular vibrational dynamics of ionic liquids. The vibrational component assigned to librational motion of aromatic cations observed at ∼100 cm −1 at atmospheric pressure exhibits larger pressure induced shift than the other two components observed at lower frequencies. The so-called boson peak is observed in Raman spectra of ionic liquids in deeply supercooled liquid and glassy states. Although nonpolar/polar heterogeneity of ionic liquids should imply the coexistence of relatively softer and stiffer domains in ionic liquids, the actual position of the boson peak is not dependent on the dimension of non-polar segregation as the alkyl chain of cations increases. The boson peak frequency is dependent instead on changing the anion for a given cation. The components observed at ∼20 and ∼70 cm −1 at room conditions exhibit similar shift with increasing pressure and these two spectral features are not dependent on details of ionic structures as they are observed in Raman spectra of both aromatic and non-aromatic ionic liquids. The pressure-induced shift of the lowest frequency component in the χ (ω) spectra at room temperature follows the P 1/3 dependence predicted for the boson peak. There is a correspondence of the broad vibrational components in low frequency Raman spectra of ionic liquids and relatively sharp peaks characteristic of Raman spectra of a solid phase that develops as an ionic liquid experiences partial crystallization at low temperature or high pressure. We propose there is mixing between localized motions and plane wave excitations of high wavevectors in the low frequency vibrations of ionic liquids.
